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. SUMMARY 

The results of a study of the stability of propane-air flames 
on Bunsen-burnei- tubes are presented. Fuelrair ratio, tube diameter, 
and Reynolds number were the primary variables. Regions of stability 
are outlined in plots of fuel-air ratio as a function of Reynolds 
number for flames seated on the burner lip and for flames suspended 
well above the burner. 

For fully’' developed flow, turbulent as well as laminar, the 
velocity gradient at the burner wall is a satisfactory variable for 
correlating the fuel-air ratio required for blow-off of seated flames 
for fuel-air ratios of less than 15 pei'cent. For turbulent flames, 
wall velocity serves as a correlating variable in the same fuel-air 
ratio range . 


INTRODUCTION 

The stability of burner flames has been studied by Lewis and 
von Elbe (reference l), and von Elbe and Mentser (reference 2). In 
reference 1 the fuel-air ratio at which a laminar Bunsen flame blew 
off the burner lip \ms determined by the velocity gradient at the 
burner tube wall, independent of tube diameter. 

As part of a program of fundamental combustion research at the 
NACA Cleve3.and laboratory, an investigation of the factors affecting 
flame speed and stability is beiijg undertaken. A preliminary study 
of the effect of turbulence on combustion is reported. The investiga- 
tion consisted of the study of the stability of Bunsen-type flames, 
seated on the burner lip and suspended above the burner, burning in 
turbulent flow. The variables chosen for the study were the fuel- 
air ratio (by volume) and the mixture flow rates at which the flame 
would blow out or leave the burner lip. These variables were 
applied to burner tubes of various diameters. These experiments 
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provide an extension of part of the measurements of references 1 and 2 
into the region of turbulent flow. An expression for wall velocity 
gradient obtained from reference 3 was used for this extension. 


APPAEATUS AND PEOCEDUEE 

The arrangement of the apparatus is shown in figure 1. The 
fuel used was commercial gaseous propane . An analysis of a sample 
showed at least S8 percent saturated hydrocarbon content. The 
oxidant was air with a relative humidity of approximately 15 percent. ' 
The capillary flometers F, for measuring the propane and air flows, 
were calibrated with a vet displacement meter. For large air flows, 
a 0.199-inch thin-plate orifice was used. The orifice flow coeffi- 
cient was corrected to make the readings consistent with those of 
the air capillaries. 

The Bunsen burners were a series of six smooth seamless steel 
tubes, which were long enough to form fully developed pipe flow at 
the outlet. The dimensions were as follows: 


Nominal 

Inside 

Length, L 

L/d 

diameter 

diameter. 

d (cm) 


(in.) 

(cm) 

\ . 


3/l6 

0.469 

110 

235 

1/4 

.626 

125 

200 

3/8 

.943 

215 

228 

5/8 

1.579 

215 

136 

7/8 

2.2E0 

220 

99 

9/8 

2.843 

215 

76 


A collar was so attached to the burner lip that the flame issued, 
in effect, from a hole in a plate of about 3-inch diameter. The 
tubes were cooled at the outlet by use of a water jacket that was 
maintained at the inlet-air temperature. A short sheet-steel column 
12 inches square was put around the flame to shield it from drafts. 

A glass window in one aide of this column permitted direct observa- 
tion of the flame. 

Fox- each burner size, the fuel and air flows were set at values 
for which the desired type of stable flame could be obtained. The 
air flow was then slowly changed until the flame was no longer able 
to burn in the position under investigation. At this point the mano- 
meter readings indicating the fuel-flow and air-flow rates were 
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recorded. All data were taken at sea- level pressure and room tem- 
peratures varying from 25° to 33° C. 


QUALITATIVE COieiDERATIONS OF FLAME STABILITY 

Definitions. - Two types of flame were obtained with the Bunsen 
burner. One was "the usual Bunsen flame seated on the burner lip; 
the other was a flame suspended a number of tube diameters above the 
burner. Photographs illustrating the two types of flame are shown 
in f igiire 2 . 

Definite flow conditions and fuel-air ratios exist for which a 
Bunsen flame can burn seated on a burner. lip. If the flow or fuel- 
air ratio is sufficiently changed, the flame either blows off the 
burner lip or flashes back into the bui’ner tube. In blowing off, 
the flame may eithei’ completely blow out or rise to the position 
of the- suspeMed flame and continue to burn. Similarly a sufficient 
change in flow conditions causes a suspended flame either to blow 
out completely or Jump back to the buriier lip. The terms blow-off, 
flash-back, blow-out, and Jump-back will be used herein as Just 
defined. 

Stability consideration. - A Jet of fuel-air mixture may be 
considered to be separated from the region of stationary pure air 
by a mixing region. Within the mixing region, the gas velocity 
continuously varies between that in the interior of the Jet and the 
zero velocity of the air outside. 

In a similar maimer the composition of the gas in the mixing 
region varies between the composition of the Jet and that of the 
outside air. A flame speed will correspond to the fuel-air ratio 
at each point in the mixing region. 

The base of a seated propane-air flame, from which the flame 
spreads to the rest of the. flame front, has been observed to be 
about 1 millimeter above the burner lip and a small distance out- 
side the burner radius; hence, the base may be considered to be 
within a mixing region. If the local flame speed at any point in 
the mixing region is greater than the local velocity, the flame 
tends to flash back to the burner lip and the tube. As the flame 
base approaches the lip, the effective flame speed at the base 
decreases because of the cooling and reaction quenching effects of 
the burner walls and the flame may be prevented from flashing back 
(reference l). 
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A flame tvirning in a stable manner on a burner lip is first 
considered. If flow velocity in the jet is then increased without 
change of fuel-air ratio, all the local gas speeds in the mixing 
region will likewise be increased until, when in every region the 
■ ocal flow velocity is greater than the local flame speed, the flame 
will blow off. If the fuel-air ratio in the jet is then increased.. . 
without change of Jet si^eed, the fuel-air ratio will increase throu^i- 
out the mixing region. The strata nearest the stagnant air, in 
particular, will be enriched until the local flame speed is as great 
as the relatively low local gas speeds. At that point, the flame 
can again be stable on the burner. This rou^ analysis predicts 
that the blow-off speed will increase when the fuel-air ratio in the 
jet increases. 

The blow-off of suspended flames is governed in a similar manner. 
The base of the suspended flame is in a portion of the mixing region 
where the local flfjne speed is as great as the local jet velocity. Ah 
increase in fuel-air ratio in the jet causes an increase in fuel -air 
ratio throu^out the mixing region and a corresponding increase in jet 
velocity is necessary to blow out the flame. Here again, the blow-off 
speed will increase with increasing jet fuel-air ratio. 

Flames may bum svispended on laminar or turbulent jets. The 
mixing characteristics of these jets govern the position above a 
burner at which a flame remains stable. The turbulent jet mixes 
rapidly with the outside air and produces a position for stable 
burning varying from about 1 to 10 tube diameters above the burner. 

The position depends upon fuel -air ratio and flow conditions. In 
general, this position moves upweird as flow conditions are changed 
from jump-back tovrard blow-out. Mixing in the laminar jet is slow, 
however, and only becomes rapid a certain distance above the burner 
where the jet breaks down into turbulence, A flame can remain stable 
on the laminar jet only above this point. Ignition trials indicated 
that, at a position along the outside of the laminar part of the jet, 
the velocity and the fuel-air ratio are conducive to burning. The 
axrrrounding velocity and fuel-air ratio fields are so constructed, 
however, that' the flame is unstable at this position and will either 
jump back to the burner lip or move up to the turbulent part of the 
jet. The position of stable burning on a laminar jet can therefore 
vary only between the point where the jet becomes turbulent and 
several diameters above this point. In the cases investigated, the 
suspended flame on the laminar jet was always higher than the flame 
on the turbulent jet. Figures 2(b) and 2(d) illustrate this 
observation. 
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EXPERIMENTAL RESULTS 

A compreliensive view of the i-’egions of stability of the Bunsen- 
burner flame as observed in these experiments is provided in fig- 
ure 3 for tubes of s/S- and l/4-inch diameters. The data are plotted 
in terms of fuel-air ratio in the total mixture by volume against 
Reynolds number 


where 


d burner diaiiieter 

R Reynolds nujaber 

U avei-age velocity 
p viscosity 
p mixture density 

Any consistent set of units may be used. For the computation of 
Reynolds number R and other variables^ it was assumed that 
viscosity p varied linearly with fuel-air ratio. With the 
5/8-inch tube of figure 3(a), in the region marked A, the flame 
does not burn steadily at the burner mouth but flashes back into 
the burner. This region lies near the stoichiometric fuel-air 
ratio (4.02 percent) and reaches a maximum value of Reynolds number 
at mixtures a little richer than stoichiometric. Curve B is the 
blow-off curve, that is, the boundary between the region where 
burning is stable at the burner mouth and the region where the 
flame blows off; the blow-off region is to the right of curve B. 
Curves similar to these are presented in references 1 and 2 for 
laminar flows . 

Within the region between the curves C and C, a flame can 
burn stably in the suspended position. No suspended flame could be 
obtained on the lasiinar jet for this tube. The curves C and C 
were determined by obtaining a stable suspended flame and then 
changing the air flow until the flame either blew out or jumped back 
to the lip of the burner. Thus, below C the flame will blow out 
and above C it \/ill jump back. It is interesting to observe that 
abo\’-e a Reynolds nu-uber of 7600 the flame will be stable above the 
burner when the fuel percentage is too lean to burn at the lip. 
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Between Ee3molds nmoBers of 3000 and 7600, the reverse is true and 
the flame is stable at the lip when the mixture is too lean to Burn 
above the tube. In the region above curve B also lying between 
C and C'j the flairie is stable either at the lip or above the tube, 
depending upon the point at which it is ignited. 

Figure 3(b) shows coi’responding curves for the tube of l/4-inch 
djameter. The flash-bach curve such as encloses region A of fig- 
ure 3(a) could not be obtained with this burner because the fuel 
flovr required was below the limit of the f lo^-mieter. For this tube 
suspended flames were obtained for laminar and transition, as well 
as turbulent, flows. In the- data obtained two regions appear to 
coincide at a Eejuiolds number of about 2800; that is, by increasing 
the Eeynolds niunber at a fuel concentration of 18 percent, the flame 
would pass from one region into the other. The flame cannot make 
this transition, however, because its positi.on of stable burning for 
this tube is much higher in the region than in C-C. 

No quantitative analj^sls of the suspended flame has been made. 

It may be significant, however, that when the blow-out points of the 
turbulent suspended flame are plotted on logarithmic paper they form 
a straight line. The slopes of the three blow-out lines obtained 
are all approximately 1/2, the slopes being 0.491, 0,475, and 0,541 
for the 3/I6-, I/4-, and 5/8-inch tubes, respectively. Two of these 
blow-out lines are given in figure 3. 

Figure 4 Is a plot of fuel-air ratio for blow-off of the seated 
flame against Eeynolds nuiaber for six burner tubes of different 
sizes. No data wex’e obtained for laminar flows for the 3/l6-inch 
burner. The lower limit to the data obtained was imposed by the 
lower limit of the fuel flometer and the upper limit by the upper 
limit of either the air or fuel flowmeter. The data were very 
reproducible for low fuel-air ratios but were somewhat scattered for 
more than about 20-percent fuel. Qualitative tests showed that for 
high fuel concentrations blow-off depended rather critically on the 
form of the burner lip. 

In the transition region previously mentioned (Eeynolds numbers 
fx’Di'ii approximately 2000 to 2800) between laminar and turbulent flow 
(reference 4), the appearance of the flame indicated that the flow 
conditions were characteristic of neither region. At the lower 
limit of the transition zone, the flame was largely laminar in 
character, but occasionally became momentarily turbulent. The 
difference between laminar and turbulent flames is illusti’ated in 
figure 2,. As the Eeynolds nuEiber was increased, the frequency of the 
turbulent flickers increased until at the upper limit of the transition 
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zone the flame was turbulent most of the time and only an occasional 
laminar flicker indicated that the flow was not fully turbulent. At 
the lower limit of the transition zone, the curves have a sudden 
change in slope because a large increase in fuel-air ratio is 
necessary to enable the flame to remain seated diu’ing a turbulent 
flicker. The change in slope is less abrupt at the upper limit of 
the transition zone. 


Data in refez-ence 1 indicate that the fuel percentage corre- 
sponding to blow-off of a laminar flame is related to the velocity 
gradient at the tube wall, independent of tube diameter. An objec- 
tive of this investigation was to find whether a similar type of 
correlation exists for turbulent flows. 


For the case of laminar flow, as outlined in reference 1, the 
velocity gradient at the tube wall is 


_ au 


( 1 ) 


where 

u local velocity 

y normal distance from tube wall 

According to the usual picture of turbulent flow in pipes, the 
central body of turbulent flow is sui-'rounded by a thin laminar film 
at the wall. This wall velocity gradient is given by 



where 

u^ velocity at inner boundary of laminar film 
8 thickness of laminar film 

From the mathematical development in reference 3 (pp.,46 and 85), it 
can be readily deduced that 

/du\ _ u,/ 

Ww ^ 


( 3 ) 
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where 


W constant (value of 10 from reference 3, p. 85) 
X pipe friction coefficient 


and appear to be 


V kinematic viscosity of gas in tube 
On the basis of equation (3), 

V^y^w 

equally suitable alternative variables for use in plotting the varia- 
tion of fuel-air ratio for blow-off of turbulent flames because v 
is dependent only on fuel-air ratio. Because the main body of 
turbulence is surrounded by a lasiinar layei', the mixing characteristics 
of laminar and turbulent flames are the same in the mixing region Just 
above the burner lip. If this similarity is the case^ because velocity 
gradient at the, wall serves as a correlating variable for blow-off of 
laminar flames^ it should also correlate the blow-off of turbulent 
flames . 


Data of the blow-off of both laminar and turbulent flames, 
previously presented in figure 4, have been ’plotted in figure 5 as 

fuel-air ratio against velocity gradient at the wall Tx—) • For 


laminar flow, 


, , , was computed from equation (l) and for turbulent 

fiov^ from ecluation (3) o No transition flov data are plotted in fig- 
ure 5 because the velocity gradient is uiidefinable for such flow. The 
turbulent data correlate well up to a fuel-air ratio of about 13 per- 
cent. Above this fuel-air ratio ^ the curves for the smaller tubes 
deviate toward higher velocity gradients. Moreover ^ the laminar data 
overlap the turbulent data well^ the extent of overlap being from. A 
to B in figure 5. Because the laminar data obtained do not extend 
above a fuel-air ratio of 6 percent^ the cai>acity of the wall 
velocity gradient to correlate blow-off for concentrations above 
6 percent and for laminar flow has not been determined. 

The variation of fuel-air ratio for blow-off with wall velocity 
u^ is shown in figure 6. The velocity u.^^ was computed from the 
average gas speed U by use of equation (3) rev/ritten as . 

u^, = m <A7e 

and with the Blasius equation for X (reference 3, p. 33.) 


X = 0,316 




,sp.25 
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The variahle ^rall velocity has no meaning for laminar flow; hence 
it can he used only for blow-off of turbulent flames. It is of 

to observe tnat the blow-off curves have negative slopes 
at higli fuel-air ratios j Plots of fuel-air ratio against average 
velocity U would also have negative slopes in this region; This 
difference from figure 5 is caused by the variation of kinematic 
viscosity with propane concentration. 


As a result of the reasoning and the data, the velocity gradient 
at the tube wall is considered to be a more useful and perhaps a more 
significant variable than wall velocity for correlating the fuel-air 
ratio for the blow-off of Bunsen-burner flames. 


CONCLUSIONS 

At sea- level pressure and room temperatures and for tubes of 
3/16- to 9/8-inch diajaeter, the following conclusions may be made 
concerning the blow-off of propane-air Bunsen-burner flames: 

1. The wall velocity gradient is successful in coi’relating the 
fuel-air ratio for blow-ofi for fully developed pipe flows, laminar 
and turbulent, to fuel-air ratios of 15 percent. 

2. For turbulent flows, wall velocity will also correlate fuel- 
air ratio to blow-off for fuel-air ratios up to 15 percent. 


, Flight Propulsion Eesearch Laboratory, 

National Advisory Committee, for Aeronautics, 
Cleveland, Ohio, March 21, 1947. 
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Fig. 2 



la) Seated flame; turbulent flo«g 
Reynolds number, 3770; fuel- 
ai r rat io, 0. 183. 


(b) Suspended flame; turbulent 
flow; Reynol ds nurnoer, 5770; 
fuel-air ratio, 0.18 3. 


Ic) Seated flame; laminar flow; 
Reynolds number, 1900; fuel- 
air rat io, 0. I 35. 



Id) Suspended flame; laminar flow; 
Reynolds number, 1900; fuel- 
ai r rat Io, 0. 1 35. 


( e) Seated flame; laminar flow; 
Reynolds number, |900; fuel- 
air ratio, stoichiometric. 


If) Seated flame; turbulent flow; 
Reynolds number, 37 7 0; fuel- 
air ratio, stoichiometric. 


Figure 2. 


NACA 
C- 1 547 4 
8 • 2 • 46 

Representative propane-air flames obtained with 
Bunsen burner of 1/4-^ inch diameter. 
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(a) 5/8-lnch burner. 



Reynolds number 
(b) 1/4-inch burner. 


figure 3* Regions of stable burning for propene-air flames. 


Fuel-air ratio 


Fig. 4 


NACA TN No. 1234 



Reynolds number 

Figure - Variation of fuel-air ratio with Reynolds number of flow in 
tube for blow-off of seated propane-air flames. 
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Fig. 5 
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Figur© 5. . Variation of fudl-alr ratio with velocity gradient at tube wall for blow-off of seated propane-air flaniea. 
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Wall velocity, meters/eec 

Figure 6» - Variation of fuel-air ratio with wall velocity for blow-off of turbulent seated propane-air flames 




